Mitotic apparatus isolated from sea urchin eggs has been treated with meralluride sodium under conditions otherwise resembling those of its isolation. The treatment causes a selective morphological disappearance of microtubules while extracting a major protein fraction, probably consisting of two closely related proteins, which constitutes about 10 0/0 of mitotic apparatus protein . Extraction of other cell particulates under similar conditions yields much less of this protein . The extracted protein closely resembles outer doublet microtubule protein from sea urchin sperm tail in properties considered typical of microtubule proteins : precipitation by calcium ion and vinblastine, electrophoretic mobility in both acid and basic polyacrylamide gels, sedimentation coefficient, molecular weight, and, according to a preliminary determination, amino acid composition . An antiserum against a preparation of sperm tail outer doublet microtubules cross-reacts with the extract from mitotic apparatus. On the basis of these findings it appears that microtubule protein is selectively extracted from isolated mitotic apparatus by treatment with meralluride, and is a typical microtubule protein .
INTRODUCTION
The constituent proteins of microtubules from several cell types have recently been identified on the basis of their binding of colchicine (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) , their precipitation by vinblastine (7) (8) (9) (11) (12) (13) , and, in cilia and flagella, by selective solubilization procedures monitored by electron microscopy (3, 5, (14) (15) (16) (17) (18) (19) . These proteins show a striking resemblance in physicochemical properties (3-6, 9, 14-17) which serves to confirm the interpretation that they are in fact microtubule proteins .
Efforts to extract functionally significant proteins from isolated mitotic apparatus (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) commenced before the studies of microtubule proteins . The earliest studies of mitotic apparatus even preceded the identification of microtubules as the major morphologically recognizable element of spindle fibers . In extraction studies of mitotic apparatus, the general approach has been to disperse isolated mitotic apparatus entirely, most typically in approximately half molar potassium chloride . After potassium chloride treatment, only membranous vesicles can be recovered in particulate and morphologically unaltered form (24) . Seemingly diverse proteins are found in the soluble extract, and have been partially or extensively characterized . Their similarity to microtubule proteins ranges from little similarity (24, 30, 31) to points of close similarity (17, 26, 32) .
We have felt that the isolation and identification of microtubule protein from mitotic apparatus would be facilitated by extraction procedures intended to be specific for microtubule protein . At the ultrastructural level, such extractions should cause microtubules to disappear while leaving the rest of the mitotic apparatus intact (27, 33-35) .
We have described such an extraction procedure (27), but the soluble protein obtained proved difficult to characterize . It tended to aggregate rapidly, and its properties changed with minute changes in the medium, such as addition of 10-5 M calcium ion . The procedure to be described here extracts protein in a more stable form . On the basis of the knowledge that organic mercurial depolymerizes outer doublet microtubules from sperm flagella (17, 27) , and the hypothesis that microtubules of mitotic apparatus would react similarly, we added mercurial to isolated mitotic apparatus while otherwise keeping conditions close to those employed for isolation . Meralluride sodium, which is soluble at the slightly acid pH used, was the organic mercurial employed . As described below, this treatment causes a selective morphological disappearance of microtubules . The major soluble protein extracted by the treatment has been extensively compared with outer doublet microtubule protein from sea urchin sperm flagella, which was extracted by similar treatment . The fact that outer doublet microtubule protein from sperm flagella is now known to be a mixture of two similar proteins, a-tubulin and b-tubulin (36, 37), has not in practice interfered with the analysis ; indeed, it appears that the protein from mitotic apparatus is also composed of two closely related species .
MATERIALS AND METHODS

Biological
Sea urchins, Strongylocentrotus purpuratus, were obtained from Pacific Bio-Marine Supply Co ., Venice, Calif. Gametes were obtained by injection of 0 .5 M potassium chloride, and handled at 15°-17°C in artificial seawater. Fertilization membranes were removed as described previously (31) . Mitotic apparatus was isolated at first metaphase by the method of Kane (38), using molar 2-methyl-2,4-pentanediol in 0 .01 M maleate buffer, pH 6 .4. Further handling of all preparations was done at 4°C . Isolated mitotic apparatus was washed four times by centrifugation (3 min at 600 g) and resuspension in isolation medium, and collected by a final centrifugation of 5 min at 600 g. Sperm were processed according to Stephens et al . (14) to obtain outer doublet microtubule preparations .
Electron Microscopy
Three fixation procedures were used . The first (H . Sato, personal communication) is known to preserve birefringence of isolated mitotic apparatus . Samples were placed at 15°C in 3% glutaraldehyde and 12% 2-methyl-2,4-pentanediol in 0.01 M phosphate buffer, pH 6 .5, and cooled to 4°C . After washing, samples were postfixed in 2% osmium tetroxide in the same medium . Dehydration was begun in ethanol diluted to 30% with the same medium . The second fixation procedure was similar, but fixation and postfixation were combined, that is, fixation was carried out in 2% osmium tetroxide, 3% glutaraldehyde, and 12% 2-methyl-2,4-pentanediol in 0 .01 M phosphate buffer, pH 6 .5 . This gave very satisfactory preservation of untreated mitotic apparatus . The third fixative, and the only one used for outer doublet microtubule preparations, was 2% osmium tetroxide in acetate buffer isotonic with seawater, pH 6 .1 (39) . Samples were cooled to 4°C in fixative, and transferred directly to 70% ethanol . Further dehydration was carried out in graded alcohols and propylene oxide. Embedding was done in Epon 812 (40) . Sections were cut on an LKB Ultrotome III (LKB Instruments, Inc ., Rockville, Md .), stained for 2 hr with 7% aqueous uranyl magnesium acetate (W . Stoeckenius, personal communication) and briefly with lead citrate (41), and examined in a Hitachi HU-l lB electron microscope .
Protein Determination
The method of Lowry et al . (42) was used for protein determinations, except for those made in the presence of vinblastine which required the use of the biuret method (43) .
Polyacrylamide Gel Electrophoresis
Two systems were employed, one acid and one basic, both containing urea . The acid system was that of Takayama et al . (44, 45) . Pre-electrophoresis of the gels was carried out with polarity reversed, to remove ammonium persulfate ; the gel tubes were filled with the same acetic acid and urea solution contained in the gels, and the electrode chambers contained the same solution without urea . Ribonuclease was used as a marker . The basic system was that of Davis and Ornstein (46, 47) , except that 8 M urea was used instead of water in making up the gels . Spacer and sample gels were omitted, and samples, made up in the buffer normally used for the sample gel but containing 8 as urea, were layered on the gels . Pre-electrophoresis was carried out to remove ammonium persulfate, using in the gel tubes the same buffer contained in the gels, and in the electrode chambers the same buffer without urea .
Gels were fixed in 12% trichloracetic acid, stained in Coomassie Blue, (Canalco Inc., Rockville, Md .), and destained in 7% acetic acid . Storage in 7% acetic acid resulted in further destaining over several months, and was often required to reveal doublet bands.
Relative mobilities were measured by projecting images of the gels in a photographic enlarger . The migration distances of bands and markers were obtained as the average from three measurements .
Molecular Weight Determination
Polyacrylamide gel electrophoresis in sodium dodecyl sulfate containing gels was carried out according to Shapiro et al . (48) , using 5% gels and 0 .01 M buffer in gels and electrode chamber, or according to Weber and Osborn (49) using 10% gels . Proteins used as references were egg white lysozyme, bovine hemoglobin, chicken ovalbumen, and bovine serum albumen from Pentex Biochemical, Kankakee, Ill . ; bovine pancreatic chymotrypsinogen-A from Mann Research Labs Inc ., New York, and bovine pancreatic DNase-1 from Sigma Chemical Co ., St. Louis, Mo. Molecular weights were obtained from references 49 and 50.
Immunological Procedures
Two different immunization procedures were used, and only the second produced active antiserum to microtubule protein . Antigens for the first procedure were meralluride extracts (high speed supernatant) of sperm tail outer doublet microtubules and isolated mitotic apparatus . The antigens were dialyzed against 0.15 M sodium chloride in 0 .01 M phosphate buffer, pH 7.3, and about 0 .5 mg of protein was injected into the cornea of rabbits. Seven intramuscular injections of about 2 mg each were 3 26 THE JOURNAL OF CELL BIOLOGY • VOLUME 48, 1971 then given at 2-day intervals . 4 wk later, a further 0 .5 mg was injected corneally . The first bleeding was done a week later . For the second procedure, hyperimmunizing conditions (high doses of antigen) were used . The antigen was intact sperm tail outer doublet microtubules, selected for morphological purity by electron microscopy. Approximately 50 mg was homogenized in buffered saline (see above) and Freund's complete adjuvant (Difco Laboratories, Inc., Detroit, Mich .) and injected intramuscularly into rabbits. The injection was repeated after 4 and 10 wk . The first bleeding was done 2Y2 wk thereafter. Subcutaneous injections of 5 mg of antigen were given 5 days before later bleedings .
Immunoelectrophoresis and other tests to determine that this antiserum was not merely against impurities in the microtubule preparation are described below (see Results) .
Immunodiffusion experiments were done by Ouchterlony's technique (51), using 1% agarose . Immunoelectrophoresis was carried out in 0 .5% agarose in barbital buffer at pH 8 .6 (see reference 31 for details) .
Amino Acid Analysis
After dialysis of the sample against 0 .01 M borate, pH 9 .0, amino acid analysis was performed by the method of Moore and Stein (52) . The sample was hydrolyzed in 6 N hydrochloric acid in an evacuated, sealed Pyrex tube at 110 f 1 °C for 20 hr . After removal of the hydrochloric acid by rotary evaporation, the analysis was performed with the automatic analyzer system of Spackman, Stein, and Moore (53) on a Beckman-Spinco Model 120C amino acid analyzer (Beckman Instruments, Fullerton, Calif.) with an Infotronics Model CRS-12-AB integrator (Infotronics, Inc ., Houston, Texas) . Ninhydrin was made up according to Moore (54) with dimethyl sulfoxide as solvent.
Sedimentation Analysis
Sedimentation analysis was done in a BeckmanSpinco Model E analytical ultracentrifuge, using FIGURE 1 (a) Appearance of washed, isolated mitotic apparatus, treated I hr with 0 .013 M theophylline in 0 .01 M maleate buffer, pH 6 .5, as a control for extraction with meralluride . Fixation in 2% osmium tetroxide buffered at pH 6 .1 . A region of the spindle near the chromosomes (C) is shown . Microtubules are evident, as well as ribosomes and membranous vesicles. (b) Washed isolated mitotic apparatus from the same experiment, after extraction with 0 .01 M meralluride sodium in 0.01 M maleate buffer, pH 6 .5, for 1 hr. Fixation as in (a) . Microtubules are entirely absent, but the morphology is otherwise well preserved. Chromosomes (C), ribosomes and vesicles are unaltered . Insets : 4-µ sections of each mitotic apparatus cut immediately before sectioning for electron microscopy, showing that the thin sections are approximately median and longitudinal . This assures that every thin section will contain microtubules when they are present in the specimen . Fig. 1 a, X39,000 ; Fig. 1 b, X39 ,000. schlieren optics . Because we were not able to concentrate the meralluride extract of mitotic apparatus without precipitating the protein, we were obliged to use a protein concentration of approximately 1 mg/ml . Centrifuge cells with 30 mm pathlength were used in some determinations .
RESULTS
Extraction of Mitotic Apparatus and Outer Doublet Microtubules by Meralluride
MORPHOLOGICAL EFFECTS : Isolated washed mitotic apparatus was recovered as a pellet and resuspended in an approximately equal volume of a meralluride sodium solution, consisting of Mercuhydrin (Lakeside Laboratories, Milwaukee, Wis .) diluted to 0 .01 M with 0 .01 M maleate buffer, pH 6 .5 . The suspension was allowed to stand for 1 hr at 4°C . After this treatment, mitotic apparatus remains intact, but examination in a polarizing microscope shows that the birefringence is almost totally lost . Electron microscopy, with use of three different fixatives, shows that the microtubules have disappeared, but that the characteristic morphology of isolated mitotic apparatus is otherwise well preserved ( Fig . 1 b) . Microtubules do not reappear if extracted mitotic apparatus is returned to isolation medium for an hour before fixation .
The disappearance of microtubules specifically requires the presence of meralluride . To test the stability of microtubules in diluted isolation medium per se, mitotic apparatus was treated as above with maleate buffer alone . A further control was required because Mercuhydrin as supplied by Lakeside Laboratories contains theophylline, which we made no effort to remove . Accordingly, mitotic apparatus was also treated with maleate buffer containing 0.013 M theophylline, an amount equal to that present in experimentals . Neither control showed loss of birefringence after treatment, and both contained microtubules when examined in the electron microscope (Fig. I a) . (It should be mentioned that we have not generally observed as rapid a loss of birefringence or microtubules in washed mitotic apparatus as was observed by Goldman and Rebhun [35] .) has imperfectly penetrated the gel . The major doublet shows a small change in mobilities which is probably real . Extraction with meralluride also causes the selective disappearance of sperm tail "outer doublet" microtubules . When a preparation of outer doublet microtubules (Fig . 2 a) is treated with meralluride, and the insoluble fraction is sedimented, as described previously (27), electron microscopy of the insoluble fraction shows it to consist of contaminants, such as unit membrane fragments, which were present in the original preparation . No microtubules are visible (Fig . 2 b) .
After incubation to extract mitotic apparatus and centrifugation to remove particulates, the supernatant was examined for extracted protein . In preliminary experiments, centrifugation was done for 2 hr at 17,000 rpm in the Sorvall SS-34 rotor (Ivan Sorvall, Inc ., Norwalk, Conn .) . This supernatant contained about 20% of the protein of mitotic apparatus, while re-extraction of the pellet recovered only an additional 4%, showing that extraction was largely complete with a single treatment . The polyacrylamide gel electrophoresis pattern of this supernatant ( Fig. 3 a and 4 c) , while showing more heterogeneity than expected from the morphological results, had an unambiguous major band (actually a doublet, as will be discussed below) . Solubilization of the major protein depended on the presence of meralluride, since the major doublet was absent if extraction was carried out with buffer only or buffer with theophylline (only 2-37, of mitotic apparatus protein was extracted in these controls) . The major doublet did not reappear in control extracts if meralluride was added before electrophoresis .
In further work, centrifugation after extraction was done for 4 hr at 50,000 rpm in the Spinco SW 50L rotor (Beckman Instruments) . When this higher speed centrifugation is used, the protein recovered in the supernatant drops to about 10 °/e of the protein of isolated mitotic apparatus, and a remarkable simplification of the polyacrylamide gel electrophoresis pattern results (Figs . 3 b and 4 d) . All bands except the major doublet are either removed, or reduced to trace amounts . The extent to which the pattern is simplified suggests that many of the proteins of the low speed supernatant are actually present in cellular particulates, which are only later dispersed by the urea medium used for electrophoresis (cf . reference 29) . Any proteins rendered truly soluble at the time of extraction should still be present in the high speed supernatant, except for those which (like 22S protein) EXTRACTION (Fig . 3 d) there appears to be a slight but significant shift in mobilities (Fig . 3 e) . After dialysis against 0.01 M meralluride in 0 .01 M maleate buffer, pH 6 .5, the extract of mitotic apparatus at a concentration of about 1 mg protein per ml (see Methods) gave a boundary with a sedimentation coefficient (S20) of 8 .9S . This is close to the value obtained by Stephens (17) for outer doublet microtubule protein extracted by low concentrations of mersalyl at pH 8 .5 . After dialysis against 0 .01 M meralluride in 0 .01 M borate buffer at pH 9 .0, a different sedimentation coefficient, 4 .9S, was obtained . This again is very close to the value for the same concentration of protein for outer doublet microtubule protein extracted by higher concentrations of mersalyl (0 .05 M) at pH 8 .5 . The two sedimentation coefficients appear to correspond to two association states of the proteins . Each protein displays two states in solutions of mercurial, and, as indicated by closely similar sedimentation coeffi-3 3 2 THE JOURNAL OF CELL BIOLOGY . VOLUME 48, 1971 cients, each state of one protein corresponds to a state of the other .
To obtain a sedimentation profile of the mitotic apparatus protein at higher concentration, the protein was precipitated by calcium or by reduction of solvent by dialysis against polyvinyl pyrrolidone, and was redissolved in urea . In this form, it still gives a single boundary (Fig . 5) ; the protein making up the electrophoretic doublet is too similar in sedimentation rate to be resolved . The same is true (17, 37) for outer doublet microtubule protein from sperm flagella .
AMINO ACID COMPOSITION :
Our data on the amino acid composition of the mitotic apparatus protein are preliminary . A determination has been made of the amino acid composition of the meralluride extract from mitotic apparatus (high speed supernatant) . Tryptophan and cysteine have not been determined . However, the available data have substantial similarity to the amino acid composition of known microtubule proteins, as can be seen in Fig . 6 .
IMMUNOCHEMICAL RELATIONSHIP OF THE MITOTIC APPARATUS AND SPERM TAIL PRO-
TEINS : An antiserum has been obtained against intact outer doublet microtubules . When tested by immunodiffusion or immunoelectrophoresis against the meralluride extract of these microtubules, the antiserum gives two or three precipitin bands . One of the antigens responsible for these bands apparently migrates electrophoretically with the same mobility as the major protein of the extract (Fig . 8 b, c, d ) .
100-lys his arg asp thr ser glu pro gly ala val met ils leu tyr phe FIGURE 6 Comparison of preliminary data on amino acid composition of the meralluride extract of isolated mitotic apparatus with the amino acid compositions of outer doublet microtubule proteins from sperm flagella of three species of sea urchin . The residues per 100,000 g of the 16 there is no spur as such (Fig . 7 ) .
An immunoelectrophoresis experiment with meralluride extract of mitotic apparatus as antigen shows that the antigen responsible for the crossreaction has the same electrophoretic mobility as the major protein of the extract (Fig . 8 a) . Another immunoelectrophoresis experiment in which the sperm tail extract is used as antigen, but in which the formation of a precipitin band by the crossreacting antigen is blocked by prior exposure of the antiserum to mitotic apparatus extract, shows that the cross-reacting antigen in the sperm tail extract is identical to the antigen having the same electrophoretic mobility as the major protein of that extract (Fig . 8 e) .
Further evidence that the cross-reacting antigens in the two extracts are identical to their major pro-FIGURE 7 Immunodiffusion test of the cross-reactivity of meralluride extract (high speed supernatant) from isolated mitotic apparatus and extract of sperm tail outer doublet microtubules . Top well : antiserum to a preparation of intact outer doublet microtubules . Left well : meralluride extract of outer doublet microtubules . Right well : meralluride extract of isolated mitotic apparatus. The preparations in the two antigen wells are at the same concentration (0 .64 mg/ml) . The extract from mitotic apparatus gives a single band, which merges with a band given by extract from outer doublet microtubules . except that the antiserum placed in the trough had previously been absorbed with extract from mitotic apparatus to remove antibodies responsible for the cross-reaction . After absorption, the precipitin band corresponding to the major protein fails to form .
teins comes from the finding that pretreatment of either extract with antiserum, and removal of the resulting precipitates, eliminates the ability of the extracts to yield a precipitate on addition of calcium . For this experiment, samples of antiserum and extract were dialyzed against 0 .15 M sodium chloride buffered with Tris-HCI (0 .01 M, pH 7 .5)
THE JOURNAL OF CELL BIOLOGY . VOLUME 48, 1971 and mixed in various proportions. Antigen-antibody precipitation was visible within minutes ; incubation was continued for 20 min at 37°C and 6 hr at 4°C . No precipitate formed in control samples of the extracts (buffered saline added instead of antiserum) . Samples were centrifuged to sediment any precipitate that was present, and 
Specific Location in Mitotic Apparatus of the Major Protein Extracted by Meralluride
The possibility of contamination of isolated mitotic apparatus by proteins not properly a part of it has been discussed by many workers (24, 29, 31, 58) . No simple test can determine whether a protein recovered from isolated mitotic apparatus is a functional part of it, but it is possible to distinguish between proteins specifically located in mitotic apparatus and those which are distributed over all cellular particulates under the conditions of isolation . We have examined cellular particulates other than mitotic apparatus for the presence of the protein extracted by meralluride . The following fractions were collected during isolation of mitotic apparatus (38) : the "first supernatant," con- (Fig . 4 c) , as well as typical contaminant bands . In the other extracts, the contaminant bands were much stronger, while the doublet was much weaker (Fig . 4 a, b) . These In the case of preparations of outer doublet microtubules from sperm tail, the proposition that the major protein extracted by meralluride is microtubule protein is convincing primarily because one cannot imagine that another protein can account for the amount of major protein extracted . In our preparations, 65 0 70 of the total protein is extracted, mostly as major protein .
Stephens (17) , however, reports extraction of more than 90% of the protein of an outer doublet However, there is a substantial discrepancy between the subunit molecular weight (34,000)
reported for the 3 .5S protein after sulfite reduction and the subunit molecular weight (52,000, more typical for microtubule protein) we obtain after reduction of our protein with mercaptoethanol in the presence of sodium dodecyl sulfate . To assure that the discrepancy was not due to a difference in the conditions of reduction, we dialyzed our protein overnight against a sulfitecontaining medium identical to that employed by Sakai, and then proceeded to treatment with mercaptoethanol and sodium dodecyl sulfate . 
